An increasing perspective conceptualizes obesity and overeating as disorders related to addictive-like processes that could share common neurobiological mechanisms. In the present study, we aimed at validating an animal model of eating addictive-like behavior in mice, based on the DSM-5 substance use disorder criteria, using operant conditioning maintained by highly palatable chocolate-flavored pellets. For this purpose, we evaluated persistence of food-seeking during a period of non-availability of food, motivation for food, and perseverance of responding when the reward was associated with a punishment. This model has allowed identifying extreme subpopulations of mice related to addictive-like behavior. We investigated in these subpopulations the epigenetic and proteomic changes. A significant decrease in DNA methylation of CNR1 gene promoter was revealed in the prefrontal cortex of addict-like mice, which was associated with an upregulation of CB 1 protein expression in the same brain area. The pharmacological blockade (rimonabant 3 mg/kg; i.p.) of CB 1 receptor during the late training period reduced the percentage of mice that accomplished addiction criteria, which is in agreement with the reduced performance of CB 1 knockout mice in this operant training. Proteomic studies have identified proteins differentially expressed in mice vulnerable or not to addictive-like behavior in the hippocampus, striatum, and prefrontal cortex. These changes included proteins involved in impulsivity-like behavior, synaptic plasticity, and cannabinoid signaling modulation, such as alpha-synuclein, phosphatase 1-alpha, doublecortin-like kinase 2, and diacylglycerol kinase zeta, and were validated by immunoblotting. This model provides an excellent tool to investigate the neurobiological substrate underlying the vulnerability to develop eating addictive-like behavior. Neuropsychopharmacology (2015) 40, 2788-2800; doi:10.1038/npp.2015.129; published online 27 May 2015
INTRODUCTION
The increased incidence of obesity and overeating disorders represent a major health problem in developed countries. Based on the latest estimates, overweight affects 430% and obesity 415% of adults in the European Union (WHO, 2008) , while in the USA 35.3% of adults are considered overweight and the obesity rate is 27.7% (Gallup, 2014) . Obesity is defined as excessive fat accumulation that results from a caloric imbalance, meaning that the number of calories consumed exceeds the calories expended (Brownell, 2004) . Unfortunately, few obese people achieve significant weight reduction mainly owing to the difficult to control food intake. The low rate of success of treatments to prevent or reverse obesity highlights the fact that this condition is not only a metabolic disorder but also a behavioral alteration (Volkow and Wise, 2005) . In agreement, obese individuals are led by an excessive motivational drive for food, eat more than intended, and make frequent unsuccessful efforts to control overeating. These behavioral alterations seem to be mediated by changes in the mesolimbic reward circuits that mimic the changes occurring during addictive-like behavior (Volkow et al, 2012) . In addition, several behavioral modifications occurring during obesity that parallel to those described in DSM-5 for substance use disorder had allowed to hypothesize that overeating may be considered as an addictive-like behavior (Hebebrand et al, 2014) . Binge eating disorder (BED) seems particularly linked to addiction given specific features of the disorder as compulsive eating, excess consumption despite adverse consequences, and diminished self-control over eating behavior. Indeed, the concept of eating addiction includes the loss of control over eating, the persistent desire for food, the unsuccessful efforts to control food use, the high motivation to seek the food, and the continued use despite negative consequences (Hebebrand et al, 2014) . However, BED does not entirely overlap with drug addiction as the sense of feeling out-of-control occurs in BED when a large quantity of food is consumed during a discrete time period. In contrast, substance dependence is not marked by a specific time course of consumption but rather by drug use occurring over a longer time and in higher frequency. Moreover, addiction diagnosis places a greater emphasis on the contribution of the substance (addictive potential of drug) while BED diagnosis does not consider specific types of food consumed (merely the amount) (Gearhardt et al, 2011; Gearhardt et al, 2014) . Furthermore, the possible development of an addictive-like behavior to food has been accepted (Gearhardt et al, 2013; Pretlow et al, 2015) and it is thought that it may participate in obesity, although normal-weight people may also be vulnerable to eating addiction. Eating addiction and BED do not entirely overlap; and despite multiple similarities, a diagnosis of food addiction was met by 57% of BED patients (Gearhardt et al, 2011) . Eating addiction, BED, and the co-occurrence of both could have an implication in obesity due to the excess of food consumption. Although evidence of eating addiction has been found in normal-weight patients, a higher rate has been reported in obese patients (Gearhardt et al, 2011) . Indeed, eating addiction has been considered as a behavior resembling drug addiction only in a subgroup of obese patients or binge eaters (Curtis and Davis, 2014) , and genes involved in drug addiction may also be associated with eating addiction (Heber and Carpenter, 2011) .
Epigenetics is the study of heritable changes that affect gene expression without changing the DNA sequence transducing environmental stimuli in stable alterations of DNA or chromatin structure (Jaenisch and Bird, 2003) . Animal studies have shown that epigenetic mechanisms produced by repeated exposure to drugs mediate addictivelike behavior (Schroeder et al, 2008) and could also participate in the possible development of eating addiction. The endocannabinoid system is a key candidate to explore its involvement in this complex behavior through epigenetic, genetic, and pharmacological approaches due to its crucial role in the reward circuit and the pathogenesis of obesity (D'Addario et al, 2014) . Epigenetic changes usually promote modifications in the expression of different proteins that can be evaluated by proteomic techniques.
These techniques offer the opportunity for assessing the entire expression, translation, modification of genes, and their expression products (Li and Smit, 2008) . In our study, proteomic analyses have been performed to identify proteins differentially expressed in mice vulnerable or not to addictive-like behavior in the hippocampus (HCP), striatum (ST), and prefrontal cortex (PFC). The use of proteomic studies is an essential tool for wide proteomic screening to explore global patterns of protein expression and also to identify markers of risk or protection of addictive-like disorders (Ortega et al, 2012) .
The aim of the present study was to validate a mouse model of addictive-like behavior promoted by palatable food and to evaluate the differential epigenetic and protein expression changes induced by the development of this behavior in specific brain areas. Four brain regions closely related to addictive processes and overeating have been chosen: PFC, ST, nucleus accumbens (NAc), and HCP. The PFC regulates decision making and emotions and has been related to compulsive food intake disorders (Tomasi and Volkow, 2013) . The ST is involved in driving the initial motivation for the different rewarding stimuli and has a crucial role in habit formation (Everitt et al, 2008) . The NAc is a crucial structure in reward processes, including food-and drug-reinforcing effects (Everitt and Robbins, 2005) , and the HCP is essential for memory, reward conditioning, and has a crucial role in food consumption relapse (Haber and Murai, 2006) .
MATERIALS AND METHODS

Animals
Male CD1 mice (Charles River, France), weighing 30-32 g at the beginning of the first experiment were used. CB 1 KO mice and their wild-type littermates, weighing, respectively, 31-35 and 22-26 g, were used in the second experiment (see Supplementary Information).
Experimental Design
In a first experiment, WT mice were divided in two groups trained in operant boxes with standard (n = 15) or chocolateflavored (n = 30) pellets. In the second experiment, CB 1 KO (Group 1, n = 11) and WT mice (Group 2, n = 12 and Group 3, n = 15) were trained in operant boxes with chocolateflavored pellets. Animals were trained under a fixed-ratio (FR) 1 schedule of reinforcement in 1-h daily sessions during 5 days, followed by 113 (experiment 1) or 118 (experiment 2) days of training on a FR5 schedule. Every self-administration session was composed by 25 min of normal delivery of pellets (active period), followed by 10 min of non-reinforced active responses (pellets-free period), and 25 additional minutes of active period (Figure 1a ). During the pellets-free period, no pellet reinforcer was delivered, signaled by the light that illuminated the entire box. A stimulus light, located above the active lever, was paired contingently with the delivery of the reward during the active periods. A time-out period of 10 s was established after each pellet delivery. During this period, the cue light was off and no reinforcer was provided after responding on the active lever. Responses on the active lever and all the responses performed during the time-out period were recorded. The beginning of each operant responding session was signaled by turning on a house light placed on the ceiling of the box only during the first 3 s of the session. The criteria for acquisition of operant responding were achieved when mice maintained a stable responding with o20% deviation from the mean of the total number of food pellets earned in three consecutive sessions, with at least 75% responding on the reinforced lever, and a minimum of 10 reinforcers per session (Martin-Garcia et al, 2011) .
Three addiction-like criteria of eating addiction model were evaluated at two different time points in each mouse, first during the early training sessions (1-18) and then during the late training sessions (days 105-113 experiment 1; days 110-118 experiment 2; Figure 1a ). The experimental procedure was the same for experiments 1 and 2 until the day 105. From day 105, WT mice in experiment 2 were treated with vehicle (Group 3, n = 15) or rimonabant (Group Eating addictive-like behavior in mice S Mancino et al 2, 3 mg/kg, i.p. n = = 12) and tested for the three criteria of loss of control from day 110 to day 118.
The score of food addiction criteria was attributed considering the responses obtained during the late training sessions using the following three behaviors resembling DSM-5 criteria for addiction: (1) persistence to response or difficulty to cut down of food seeking even if it is not available, measured by the persistence in active responding • Persistence to response Eating addictive-like behavior in mice S Mancino et al during the 10-min periods of signaled no food pellets availability, (2) high motivation for food pellets, measured by a progressive ratio (PR) schedule of reinforcement, and (3) resistance to punishment when food pellets use is maintained despite its negative consequences, measured by resistance to foot shock-induced punishment during operant responding maintained by food. This mouse model of food addictionlike behavior was adapted from that previously described for cocaine addiction in rats (Deroche-Gamonet et al, 2004) .
Attribution of the three addiction-like criteria. The following behavioral tests were used to measure the criteria of eating addictive-like behavior:
Persistence to response. Responses for active leverpresses during the 10 min of unavailability of pellet delivery (pellets-free period) were measured as a persistence of foodseeking behavior. The active lever responses during the 10 min pellet-free period of the first 3 consecutive days of the early and late training period were evaluated.
Motivation. The PR schedule of reinforcement was used to evaluate the motivation for the food pellet during the early (days 6-13) and late (days 108-110 experiment 1 and days 113-115 experiment 2) period. The response required to earn the pellet escalated according to the following series: 1, 5, 12, 21, 33, 51, 75, 90, 120, 155, 180, 225, 260, 300, 350, 410, 465, 540, 630, 730, 850 , 1000, 1200, 1500, 1800, 2100, 2400, 2700, 3000, 3400, 3800, 4200, 4600, 5000, and 5500. The maximal number of responses that the animal performs to obtain one pellet is the last ratio completed, referred to as the breaking point. The maximum duration of the PR session was 5 h or until mice did not respond on any lever within 1 h.
Resistance to punishment. Mice were placed for 1-day session in a self-administration chamber with a different kind of grid in the floor during the early (days 15-18) and late (days 111-113 experiment 1 and days 116-118 experiment 2) period. This environmental change acted as a contextual cue. The schedule was as follows: mice received an electric foot-shock (0.20 mA, 2 s) after four responses and received both, an electric foot-shock (0.20 mA, 2 s) and a pellet, associated with the corresponding conditioned stimulus (cue light), after the fifth response. The schedule was reinitiated at the end of the time-out period, ie, 10 s after the pellet delivery. If mice after the fourth response did not complete the fifth response within a minute, the sequence was reinitiated.
Supplementary Information includes extended experimental procedures with details of the apparatus, the procedure of operant responding maintained by food, and establishment of mice subpopulations. Description about the methods of sample preparation, epigenetic analysis, real-time qPCR (RT-qPCR), proteomic analysis, immunoblotting, and statistical analysis are also provided in the Supplementary Information.
RESULTS
Acquisition of Operant Training Maintained by Food
In experiment 1, body weight was registered in mice trained with standard (n = 10, 39.7 ± 1.1 g) or chocolate-flavored pellets (n = 27, 40.9 ± 0.5 g) during the entire experiment, and no significant differences between groups were found (F (1,35) = 0.18, NS). Both groups of mice underwent a FR1 schedule of reinforcement (5 days) followed by FR5 (113 days) ( Figure 1a ). Mice that did not achieve the acquisition criteria after day 33 were excluded from the study (n = 5 standard group and n = 3 chocolate group). Three-way ANOVA revealed a significant interaction between 'group' and 'lever' during the acquisition of operant responding under FR1 (F (1,35) = 5.44, po0.05; Figure 1b ; Supplementary Information; Supplementary Table S2A) , showing higher number of active responses in the chocolate than in the standard group. The acquisition criteria in FR5 were achieved after an average of 20.2 ± 2.5 sessions by 66.7% of mice trained with standard pellets and of 8.78 ± 1.72 sessions by 90% of mice trained with chocolate pellets. During FR5, three-way ANOVA revealed significant main effects of 'lever' (F (1,35) = 130.36, po0.001), indicating a discrimination in all the groups and an interaction between 'group' and 'lever' (F (1,35) = 15.69, po0.001), indicating higher number of active Figure 1 (a) Experimental design. Experimental sequence of the eating addiction-like behavior model for the experiments 1 and 2, in which mice were trained for chocolate-flavored pellets or standard pellets (experiment 1) under a fixed-ratio (FR) 1 schedule of reinforcement on 1-h daily sessions during 5 days followed by 113 days (experiment 1) or 118 days (experiment 2) on a FR5 schedule of reinforcement paired with the presentation of a cue light. Each session was composed by 25 min of normal delivery pellets named active period, followed by 10 min of pellets-free period in which the persistence to response was registered, and other 25 min of active period. In the FR5, two time points were considered, early and late period of the training, to measure the three addiction-like criteria: (1) persistence to response, (2) motivation, and (3) resistance to punishment. The experimental procedure was the same for the experiments 1 and 2 until the day 105. From day 105, WT mice in experiment 2 were treated with vehicle (Group 3, n = 15) or rimonabant (Group 2; 3 mg/ kg, i.p. n = 12) and tested for the three criteria of loss of control from day 110 to 118. (b) Acquisition of operant training maintained by food. Mean number of active and inactive lever-presses during the acquisition training in FR1 and FR5 schedule of reinforcement in mice trained with standard pellets (n = 10) and mice trained with chocolate-flavored pellets (n = 27). Differences are reported as mean ± SEM. *po0.05, ***po0.001(chocolate group vs standard group); ### po0.001(active lever vs inactive lever). (c) Acquisition of operant training maintained by chocolate-flavored pellets. Mean number of active and inactive lever-presses during the acquisition training in FR1 and FR5 schedule of reinforcement in CB 1 KO mice (Group 1; n = 11), WT mice treated with rimonabant (3 mg/kg, i.p.) (Group 2; n = 12) or vehicle (Group 3; n = 15) and maintained by chocolate-flavored pellets. Differences are reported as mean ± SEM. Table S2A) .
In experiment 2, body weight was registered in CB 1 KO mice (Group 1; n = 11, 39.12 ± 1.20 g), WT mice treated after day 105 with rimonabant (3 mg/kg, i.p.) (Group 2; n = 12, 43.91 ± 1.15 g), or vehicle (Group 3; n = 15, 47.91 ± 1.03 g). Significant differences between groups were reported (F (2,35) = 15.37, po0.001) with CB 1 KO mice showing decreased body weight compared with vehicle (po0.001) and rimonabant (po0.05) treated mice. All the groups of mice underwent a FR1 schedule of reinforcement (5 days) followed by FR5 (105 days) and by an additional period of FR5 (7 days) in which WT mice were treated with rimonabant (3 mg/kg, i.p.) or vehicle (Figure 1a ). Three-way ANOVA revealed a significant interaction between 'day', 'group', and 'lever' during the acquisition of operant responding under FR1 (F (1,8) = 3.07, po0.005; Supplementary Information; Supplementary Table S2B) . Subsequent post hoc analysis (Bonferroni) showed differences between groups (Figure 1c and d) , indicating that CB 1 KO mice performed less active lever-presses than the rest of the groups (po0.001). The acquisition criteria in FR5 were achieved after an average of 3.64 ± 3.44 sessions by 18.2% mice of CB 1 KO mice and after 10.4 ± 3.02 or 6.27 ± 2.67 sessions by 100% of the WT groups that will receive vehicle or rimonabant, respectively. During FR5, three-way ANOVA revealed significant main effects of 'day', 'group', and 'lever' Table S2B) . During the 7 days of pharmacological treatment, three-way ANOVA revealed a significant interaction between 'day', 'group', and 'lever'. Subsequent post hoc analysis (Bonferroni) showed significant differences between CB 1 KO mice and mice treated with rimonabant (3 mg/kg, i.p., po0.05) or vehicle (po0.001) and between mice treated with vehicle and rimonabant (po0.05), indicating that rimonabant decreased the active leverpresses when compared with the control group and with the previous FR5 training period but to a lower extent than the CB 1 KO group (Figure 1c and d 
Calculation of Addiction Score Based on the Three Addiction-Like Criteria and Distribution of Animals With Different Scores for Addiction-Like Behavior
In experiment 1, the two groups of animals were tested for the three behaviors used to evaluate the addiction-like criteria (persistence to response, motivation, resistance to punishment) during the early (days 1-18) and late (days 105-113) phases of the operant training. A mouse was considered positive for an addiction-like criterion when its score for each behavior was equal or major the 75th percentile of the distribution of chocolate group in the late period (Figure 2a-c) . All animals were divided into four subgroups based on the number of criteria for which they scored (Figure 3a) . During the early training period, 70% of mice trained with standard pellets presented 0 criteria, 20% reached 1 criteria, 10% showed 2 criteria, and 0% met the 3 criteria, while 40.7% of mice trained with chocolate pellets exhibited 0 criteria, 40.7% reached 1 criteria, 14.8% 2 criteria, and 3.7% obtained the 3 criteria. During the late training period, 70% of mice trained with standard pellets presented 0 criteria, the remaining 30% only reached 1 criteria, and 0% showed 2 or 3 criteria (Figure 3b) , whereas 55.6% of mice trained with chocolate pellets exhibited 0 criteria, 22.2% reached 1 criteria, 7.4% got 2 criteria, and 14.8% obtained the 3 criteria (Figure 3c ). To confirm that the high score of addiction was reached only by the chocolate group and not by the standard pellet-trained group, the top quartile of this standard group was calculated considering the 75th percentile of the same standard group for the three behaviors resembling addiction. Results showed that none of the mice reached the 3 criteria. Indeed, 40% of mice trained with standard pellets presented 0 criteria in the late period, 50% obtained 1 criteria, 10% reached 2 criteria, and 0% showed the 3 criteria.
In experiment 2, all groups of animals were tested for the three behaviors used to evaluate the addiction-like criteria (persistence to response, motivation, and resistance to punishment) during the early (days 1-18) and late (days 110-118) phases of the operant training, as reported in experiment 1 (behavior was equal or major the 75th percentile of the distribution of vehicle-treated WT mice in the late period), (Figure 2d-f ). All animals were divided into four subgroups based on the number of criteria for which they scored (Figure 3d ). In all, 91% of CB 1 KO mice trained with chocolate pellets presented 0 criteria and 9% reached 1 criteria, and the same distribution was obtained during the late training period (Figure 3e) . Moreover, 42% of WT mice trained with chocolate pellets that will receive later rimonabant presented 0 criteria, 42% 1 criteria, and 17% 2 criteria, while 60% of WT mice trained with chocolate pellets that will receive later the vehicle exhibited 0 criteria, 6.7% 1 criteria, 26.7% 2 criteria, and 6.7% 3 criteria. After rimonabant treatment during the late period, 67% of WT mice trained with chocolate reached 0 criteria, 25% 1 criteria, and 8% 2 criteria (Figure 3f ), whereas 40% of WT mice treated with vehicle exhibited 0 criteria, 26.7% 1 criteria, 20% 2 criteria, and 13.3% 3 criteria (Figure 3g ). Thus vehicletreated mice increased the percentage of mice reaching 3 criteria in the late period when compared with the early period, whereas rimonabant-treated mice decreased the percentage of animals reaching 1 and 2 criteria in the late period and none reached the 3 criteria in this group.
Differences in Operant Responding
Between the 0 and 2-3 Criteria Subgroups and Comparisons in ImpulsivityLike Behavior, Pellets Intake, and Body Weight
In experiment 1, three subgroups were selected for subsequent studies considering the data obtained during the late training period: (1) mice reaching 2-3 criteria (n = 6), (2) 0 criteria (n = 6) in the chocolate group, and (3) 0 criteria (n = 6) in the standard group. In the persistence to response test (pellet-free period), standard pellets-trained mice presenting 0 criteria and chocolate-trained mice reaching the 2-3 criteria increased significantly the number of active lever-presses during the late training (po0.01); (Figure 4a ). In the motivation test, only mice trained with chocolate pellets reaching the 2-3 criteria significantly increased the breaking point during the late training (po0.05; Figure 4b ). In the resistance to punishment, only mice trained with chocolate pellets reaching the 2-3 criteria significantly increased the pellets intake during the foot-shock test (po0.05); (Figure 4c ). The number of lever-presses during the time-out period was also evaluated as an indirect measure of impulsivity-like behavior. Mice trained with standard (0 criteria) and chocolate pellets reaching the 2-3 criteria significantly increased the number of active lever-presses during the time-out period in the late training (po0.01; Figure 4d ). Pearson correlation between time-out and pelletsfree period lever-presses in 2-3 criteria chocolate pelletstrained mice revealed the absence of correlation between both variables (r = 0.486; p = NS). This lack of correlation is not surprising considering that the behavioral responses during time-out period, thus after reaching a reward, should be different to those obtained during a signalled pellet-free period. Despite the differences between addiction-like scores groups, mice showing 0 and 2-3 criteria did not significantly differ in the intake of high palatable chocolate pellets during the early and late operant training periods (Figure 4e ) and had the same body weight (Figure 4f) . Therefore, the differences in these two subgroups were not caused by variation in satiety or energy requirement.
In experiment 2, four subgroups of mice were selected according to the number of criteria attributed during the late training period: (1) 2-3 criteria WT mice treated with vehicle (n = 5), (2) 0 criteria WT mice treated with vehicle (n = 5), (3) 0 criteria WT mice treated with rimonabant (n = 5), and (4) 0 criteria CB 1 KO mice (n = 5). In the persistence to response test (pellet-free period), 2-3 criteria WT mice treated with vehicle increased significantly active leverpresses during the late training when compared with 0 criteria WT mice treated with vehicle or rimonabant and CB 1 KO mice (po0.01). Moreover, 0 criteria WT mice treated with vehicle (po0.05) and rimonabant (po0.01) showed significant differences with respect to CB 1 KO mice (Figure 4g ). In the motivation test, only WT mice treated 
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Group 2 Rimonabant
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Non-reinforced active response Figure 2 (a-f) Calculation of addiction score based on the three addiction-like criteria for the experiments 1 and 2. Distribution of individual data in the three tests used to measure addiction-like criteria during the early and late training of the (a-c) WT standard and chocolate group; (d-f) CB 1 KO mice (Group 1; n = 11), WT mice treated with rimonabant (3 mg/kg, i.p.) (Group 2; n = 12), or vehicle (Group 3; n = 15) chocolate group calculated with median and interquartile range during the test of (a, d) persistence to response, (b, e) motivation, and (c, f) resistance to punishment. The line indicates the 75th percentile of distribution of (a-c) WT chocolate group during the late training period and (d-f) WT chocolate group treated with vehicle during the late training and is used as the criterion to attribute one point of the score to each individual located equal or above this percentile.
Eating addictive-like behavior in mice S Mancino et al with vehicle reaching the 2-3 criteria significantly increased the breaking point during the late training (po0.05) and showed significantly higher breaking point than vehicle (po0.05) or rimonabant (po0.01) WT mice reaching 0 criteria and CB 1 KO mice (po0.01; Figure 4h ). In the resistance to punishment, only WT vehicle-treated mice reaching 2-3 criteria significantly increased the pellets intake during the foot-shock test when compared with the different (b, c, e-g) Distribution of the different criteria subgroups in percentages. Animals were assigned to a criteria subgroup based on the amount of criteria met for which they scored equal or above the 75th percentile. (b) Percentage of distribution of the WT animals that were exposed to standard pellets, (c) percentage of distribution of WT animals that were exposed to high palatable chocolate-flavored pellets, (e) percentage of distribution of CB 1 KO animals exposed to high palatable chocolate-flavored pellets, (f) percentage of distribution of WT animals treated with vehicle or rimonabant (3 mg/kg; i.p.) exposed to high palatable chocolate-flavored pellets, and (g) percentage of distribution of WT animals treated with vehicle exposed to high palatable chocolate-flavored pellets.
Eating addictive-like behavior in mice S Mancino et al subgroups of 0 criteria (po0.01) (Figure 4i ). In addition, mice treated with vehicle reaching 2-3 criteria significantly increased the number of active lever-presses during the timeout period in the late training (po0.01) and showed significant differences with respect to the different 0 criteria subgroups (po0.05 or po0.01; Figure 4l ). Finally, a significant increase of pellets intake during the late training period was only observed in 0 and 2-3 criteria vehicletreated mice (po0.05 and po0.01), whereas CB 1 KO mice decreased the pellets intake during this late period (Figure 4m ). All groups of mice significantly increased the body weight during the late training (po0.05 and po0.01), although this gain of weight was significantly higher in vehicle-treated WT mice then in WT mice treated with rimonabant and CB 1 KO mice (Figure 4n ).
Epigenetic Analysis
In the first experiment, specific DNA methylation at CNR1 gene promoter was analyzed by real-time methylation-specific PCR in PFC, ST, NAc, and HCP. In PFC, DNA methylation of CNR1 gene promoter region was decreased in mice reaching 2-3 criteria trained with chocolate pellets when compared with 0 criteria mice trained with standard pellets (po0.05; Figure 5a ). No differences were reported in CB 1 mRNA level, although a significant increase of CB 1 protein expression was revealed in the PFC of mice trained with chocolate pellets reaching 2-3 criteria (po0.01; Figure 5e and i). In HCP, no significant differences were observed in DNA methylation at CNR1 gene promoter and a significant increase in CB 1 gene expression was found in chocolatetrained mice with 2-3 criteria compared with mice trained with standard pellets (Figure 5b , f, and l), although no modification was revealed at the CB 1 protein level. In NAc, no differences between the subgroups were reported in DNA methylation of CNR1 gene promoter, and a significant increase in CB 1 mRNA level was shown when compared with 0 criteria standard pellets-trained mice and 2-3 criteria chocolate-trained mice, although this regulation did not lead to an increase of CB 1 protein expression (Figure 5c , g, and m). In ST, no significant differences were observed in DNA methylation at the CNR1 gene promoter, CB 1 mRNA and protein levels (Figure 5d , h, and n).
Proteomic Analysis
Proteomic profile was analyzed among the subgroups of the first experiment in HCP, ST, and PFC (see Supplementary Information).
Immunoblotting
Immunoblotting was performed to validate the most relevant changes obtained in the proteomic study in HCP, ST, and PFC (see Supplementary Information).
DISCUSSION
We have validated a novel operant model of eating addictivelike behavior in a heterogenic population of mice exposed to long-term operant training to obtain palatable food. This model permits to distinguish different subpopulations of mice vulnerable (22.2%) or resistant (55.6%) to addiction. Several changes in gene and protein expression were identified in the mouse subpopulations in PFC, HCP, NAc, and ST through epigenetic and proteomic studies. Using genetic and pharmacological approaches, we demonstrated the crucial involvement of CB 1 receptor in the development of this addictive-like behavior. Food palatability strongly promoted operant seekingbehavior in our experimental conditions. Thus mice trained with chocolate-flavored pellets increased their operant active responses during FR1 and FR5 schedule more than animals trained with standard pellets. The percentage of chocolatetrained mice that achieved the acquisition criteria was higher and in a shorter duration time (90% in 8 sessions) than in standard pellets-trained mice (66.7% in 20 sessions). A differential response depending on the kind of pellets was also revealed when testing for the three criteria of loss of behavioral control that mimic addictive-like behavior. Indeed, 14.7% of mice trained with chocolate pellets reached in the late training period the 3 criteria and 7.4% achieved 2 criteria, whereas none of the mice trained with standard pellets achieved these criteria. These mice with high scores also revealed increased operant responses even when no reward can be obtained during the time-out period, suggesting an enhancement of food seeking that can be related to increased impulsivity. The identification of this subgroup of mice losing behavioral control supports the hypothesis that addiction-like behavior represents a pathological continuum from controlled to compulsive use that is only reached by a limited percentage of users (Piazza and Deroche-Gamonet, 2013) . Experiments performed in rodents also using the three criteria of loss of control of operant seeking to obtain a drug of abuse (cocaine) revealed a higher percentage of animals reaching these criteria (17.2% 3 criteria and 13.8% 2 criteria); (Deroche-Gamonet et al, 2004) . This could be due to the different behavioral responses promoted by natural rewards and drugs of abuse, as well as by the different animal species (rats and mice) and experimental conditions required to achieve these distinct experiments. Considering the strict criteria defined in our protocol to achieve a loss of control of a natural reward seeking in mice and the difficulties to accomplish a complex operant responding in these animal species, we have established that mice achieving 2 and 3 criteria (22.2%) have reached a reliable loss of control of this behavioral response. This percentage is similar to those reported in other studies using operant responding to obtain drugs of abuse and allow obtaining a minimum amount of biological samples from the mouse brains to achieve the subsequent epigenetic and proteomic analysis. Only mice reaching the high and low score were selected for the subsequent studies. None of the mice of the standard pellet group reached the 2-3 criteria. The lack of standard pellets mice reaching these criteria could represent a potential limitation in the interpretation of proteomic and epigenetic data as comparisons between the chocolate 2-3 criteria and standard 2-3 criteria groups could not be performed.
Long-term operant training to obtain highly palatable food produced adaptive changes at the epigenetic level. Mice that reach the 2-3 criteria showed a significant reduction in DNA methylation at CNR1 gene promoter in PFC, which led to an upregulation of CNR1 gene expression and the subsequent increase in CB 1 protein receptor in the same brain area. The
Eating addictive-like behavior in mice S Mancino et al increased level of CB 1 protein may be due to multiple factors that are involved in gene transcription and protein synthesis, including methylation of the gene promoter. Differential changes were also observed in the CNR1 gene expression in the NAc and HCP of the addict-like mice, although these regulations could not be functionally relevant as no modification was revealed at the CB 1 protein level, the ending product through which the genetic information determines cellular functions.
CB 1 receptors has a crucial role in the reinforcing and motivational properties of highly palatable food (Maccioni et al, 2008) . Indeed, CB 1 R modulates the glutamatergic excitatory and GABAergic inhibitory synaptic inputs in several brain regions, acting as a regulatory feedback mechanism to modulate synaptic transmission (D'Addario et al, 2014) . Previous studies proposed a bimodal regulation of food intake by CB 1 R in cortical glutamatergic transmission, responsible for the orexigenic effect, and CB 1 R in Eating addictive-like behavior in mice S Mancino et al ventrostriatal GABAergic neurons, mediator of the hypophagic action by reducing local inhibitory transmission (Bellocchio et al, 2010) . We hypothesized that the CB 1 R epigenetic regulation in PFC and the subsequent translation in increased CB 1 protein level found in our study may modulate the primary glutamatergic neuronal output of this region, as already described in other studies (Steketee, 2003) . CB 1 R on cortical glutamatergic cells are less abundant but produce more pronounced effects than on GABAergic cells (Steindel et al, 2013) . Specifically, the decrease in DNA methylation at CNR1 gene could promote an upregulation of CB 1 R on glutamatergic projection terminals leading to a CB 1 -dependent inhibition of excitatory glutamatergic transmission that promotes food intake. This CB1R overexpression on glutamatergic projections could decrease glutamate release in the NAc contributing to a less activation of the NAc GABAergic inputs to VTA, removing the inhibitory modulation on Da neurons, as already reported (Lupica et al, 2004; Melis et al, 2004) . Hence, CB 1 R acting indirectly via presynaptic inhibition of neurons and interneurons (Szabo et al, 2002) may ultimately affect brain reward processes through their ability to enhance extracellular DA levels in the NAc (Fadda et al, 2006; Lecca et al, 2006) . We have performed pharmacological studies with a selective CB 1 receptor antagonist and genetic approaches with constitutive CB 1 knockout mice to evaluate our hypothesis about the involvement of CB 1 receptor in the development of this addictive-like behavior produced by palatable food. The pharmacological treatment with the CB 1 receptor antagonist rimonabant (3 mg/kg) at the beginning of the late training period reduced the percentage of mice that reached addiction scores. Thus none of rimonabanttreated mice reached the 3 criteria, whereas 67% of treated mice achieved 0 criteria. In contrast, 13% of vehicle-treated mice reached the 3 criteria and 20% achieved 2 criteria, similarly to the previous experiment although the responses in the three behavioral tests were decreased with respect to the previous experiment as expected considering the stressor event that represents the repeated intraperitoneal injection. These results supports the hypothesis that CB 1 receptors are involved in the achievement of addiction-like behavior, thus in the transition to addiction that evolves from controlled to compulsive intake. In agreement, deletion of CB 1 receptors in constitutive CB 1 KO mice reduced operant seeking behavior in our experimental conditions. Thus CB 1 KO mice trained with chocolate-flavored pellets significantly reduced operant active responses during FR1 and FR5 compared with WT mice. The percentage of CB 1 KO mice that reached addiction criteria in the late period was significantly lower than WT mice, and none of CB 1 KO mice reached the 3 or 2 criteria in the late training period. These CB 1 KO mice also showed decreased operant responses during the time-out period, which can be related to a lack of impulsivity. Therefore, the pharmacological or genetic disruption of CB 1 receptor activity reduced the reinforcing effect of palatable food and prevented the transition to addiction. Future studies are needed to elucidate the functional and structural interactions between CB 1 receptors and the main neurotransmitter system in the context of eating addiction.
Proteomic studies have revealed changes in the protein expression and in the level of phosphorylation of synaptic proteins depending on the experimental subgroup and the brain area analyzed. These proteomic data were compared with previous studies with drugs of abuse in order to identify similar molecular targets underlying addictive-like behaviors. Protein expression profiles were compared in the three brain regions studied and specific common proteins related to impulsive-like behavior, synaptic plasticity, and cannabinoid signaling that could promote neurobiological changes leading to eating addiction-like behavior were selected and validated by immunoblot technique: α-Syn (impulsive control: Ambermoon et al, 2011), PP1α, DCalmK 2, (synaptic plasticity processes: Edelman et al, 2005; Hou et al, 2013) , and DGKζ (regulation of the endocannabinoid activity: Liu et al, 2001 ). An overexpression of α-Syn was revealed in the HCP of mice trained with chocolate pellets reaching the 2-3 criteria and in the PFC of mice trained with chocolate pellets presenting 0 criteria, which could facilitate impulsivity-like behavior. In agreement, a similar increase of α-Syn expression in the HCP was reported in cocaineaddicted rats (Brenz Verca et al, 2003) . α-Syn is a neuronal protein regulating dopaminergic transmission (Boyer and Dreyer, 2007) involved in synaptic vesicular transport and .05 (0 criteria chocolate vs 0 criteria standard). (g-n) Differences in operant responding between the 0 and 2-3 criteria subgroups. Mean ± SEM operant responses in the 0 and 2-3 criteria subgroups during the early and late period of training, (g) in the persistence to response, (h) in the motivation, and (i) in the resistance to punishment for the CB 1 KO group, WT group treated with rimonabant (3 mg/kg; i.p.), and WT group treated with vehicle that were exposed to high palatable chocolate-flavored pellets. (l-n) Comparisons in impulsivity-like behavior, pellets intake, and body weight. (l) Mean of active lever-presses during the time-out period during the 3 consecutive day sessions in the early and late operant training periods for the CB 1 KO group, WT group treated with rimonabant (3 mg/kg; i.p.), and WT group treated with vehicle that were exposed to high palatable chocolate-flavored pellets (0 criteria and 2-3 criteria). (m) Mean number of pellets intake during 3 consecutive sessions in the early and late period of the operant training for the CB 1 KO group, WT group treated with rimonabant (3 mg/kg; i.p.) and WT group treated with vehicle that were exposed to high palatable chocolate-flavored pellets (0 criteria and 2-3 criteria). (n) Mean of body weight during the early and late periods of the operant training for the CB 1 KO group, WT group treated with rimonabant (3 mg/kg; i.p.), and WT group treated with vehicle that were exposed to high palatable chocolate-flavored pellets (0 criteria and 2-3 criteria). Data are expressed as mean ± SEM *po0.05, **po0. Eating addictive-like behavior in mice S Mancino et al synaptic plasticity (Murphy et al, 2000) and has been implicated in impulsive control disorders, such as drug addiction (Pena-Oliver et al, 2012) . In contrast, a decreased expression of the same protein was found in the ST of mice trained with standard pellets that leads to speculate impairment in dopaminergic neurotransmission. Indeed, α-Syn-deficient mice exhibited dopaminergic hyperactivity and a reduction in presynaptic striatal DA store (Abeliovich et al, 2000; Senior et al, 2008) .
A downregulation of PP1α expression in HCP and an upregulation in ST was observed in chocolate-trained mice reaching the 2-3 criteria, while no modifications were reported in PFC. This protein localized in excitatory synapses is involved in synaptic plasticity (Hou et al, 2013) and seems to be important for triggering long-term depression (LTD) through the dopamine-induced phosphorylation of DARPP-32 (Yan et al, 1999) . PP1α overexpression in the ST of mice reaching the highest criteria could induce LTD as PP1 is crucial for maintaining NMDAR-dependent LTD (Mulkey et al, 1993) . The opposite regulation of PP1α expression in HCP and ST could modify synaptic strength leading to the plasticity changes promoted by palatable food training.
Palatable food training increased the expression of DCalmK 2 in mice reaching the 2-3 criteria and 0 criteria in the HCP and ST, respectively, whereas no modifications were reported in the PFC. DCalmK 2 is a protein localized in the distal dendrites that suppresses the maturation of spine structures (Shin et al, 2013) , covering an important role in the regulation of synaptic plasticity (Edelman et al, 2005) . The increased expression of the DCalmK 2 protein after long-term exposure to chocolate pellets may therefore regulate the maturation of dendritic spines and synaptic plasticity.
An overexpression of DGKζ protein was selectively observed in the HCP and ST of chocolate-trained mice with gene expression regulation in the (e) prefrontal cortex, (f) hippocampus, (g) striatum, and (h) nucleus accumbens. (i-n) Quantification of CB 1 protein levels in the (i) prefrontal cortex, (l) hippocampus, (m) striatum, and (n) nucleus accumbens. The optical density was normalized to GAPDH in the same samples. Data are reported as a fold change of standard subgroup; # po0.05, ## po0.01 (vs mice 0 criteria standard pellets); *po0.05, **po0.01 (vs mice 0 criteria chocolate pellets).
Eating addictive-like behavior in mice S Mancino et al 0 criteria. DGKζ modules subcellular levels of diacylglycerol and phosphatidic acid, as well the synthesis of triacylglycerols (Topham and Epand, 2009 ). Previous research demonstrated that high-fat diet stimulated DGKζ expression in hypothalamus, and this expression was reduced in obese animals being inversely related to body fat mass and serum leptin level (Liu et al, 2001 ). Furthermore, DGKζ seems to modulate the cannabinoid signaling (Gantayet et al, 2011) and could lead to hypothesize an inversely expression regulation between DGKζ and CB1R in specific brain areas under our experimental conditions. In conclusion, our research validated for the first time an operant model of eating addiction in a heterogenic mouse population and identified extreme subpopulations vulnerable or resistant to addiction. We detected in these subpopulations specific epigenetic and proteomic alterations in the HCP, ST, NAc, and PFC. Changes in DNA methylation at CNR1 gene promoter and its encoding transcript were observed in the PFC. The involvement of these changes in CB 1 R in the development of this addictive-like behavior was demonstrated by using genetic and pharmacological approaches. Moreover, we identified proteins expressed in different subpopulations of mice that have allowed formulating novel hypotheses on the molecular mechanisms orchestrating eating addiction. These changes could participate in the biological substrate underlying the behavioral alterations that could eventually lead to eating-related disorders and provide an important advance in understanding the mechanisms engaged in the hedonic aspects of food consumption furthering eating addiction.
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